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Penggunaan bahan semulajadi dan pengeluaran barang tersisa yang tidak terkawal telah 
memberi kesan yang teruk kepada bumi. Penggunaan abu bawah (bahan tersisa) yang 
tidak terkawal akan menyebabkan pencemaran kepada alam sekitar. Tiang berbutir 
menegak adalah satu teknik dimana mempunyai sifat-sifat penambahbaikan daya 
dukung, mengurangkan mendapan dan mempercepatkan pelesapan lebihan tekanan air 
liang dalam tanah lembut yang lemah. Kajian ini bertujuan untuk menyelidik tentang 
peranan tiang abu bawah dalam penambahbaikan kebolehmampatan dan kekuatan ricih 
tanah liat lembut kaolin dengan menggunakan model skala makmal. Ciri-ciri kekuatan 
ricih boleh didapati melalui nisbah penggantian kawasan, nisbah tinggi penembusan dan 
nisbah penggantian isipadu bagi tiang abu bawah. Sampel kaolin bertetulang telah diuji 
dengan menggunakan Ujikaji Mampatan Tak Terkurung (UCT) dan Tidak Disatukan 
Tak tersalir ujian-ujian tiga paksi (UU). Specimen yang digunakan adalah berukuran 50 
mm diameter dan dengan ketinggian 100 mm. Menggunakan tiang abu bawah yang 
bertetulang dengan nisbah tinggi penembusan 0.6, 0.8 dan 1.0 dengan tiang yang 
berukuran 10 mm diameter dan 16 mm diameter, sampel tanpa tiang abu bawah adalah 
sampel yang dikawal. Peningkatan paling tinggi kekuatan ricih tiang abu bawah pada 
nisbah penggantian kawasan 4.00% dengan 10 mm diameter tiang adalah pada 0.8 
dimana nisbah tinggi penembusan ialah 77.00%. Bagi nisbah penggantian kawasan 
10.24% dengan 16 mm diameter tiang) adalah tertinggi pada 0.8 dengan nisbah tinggi 
penembusan ialah 71.48%. Sementara itu, peningkatan paling tinggi kekuatan ricih 
tiang abu bawah bagi nisbah penggantian kawasan 12.00% dengan 10 mm diameter 
tiang adalah 0.8 dengan nisbah tinggi penembusan ialah 75.63%, dan bagi nisbah 
penggantian kawasan 30.72% dengan 16 mm diameter tiang ialah juga pada 0.8 dengan 
nisbah tinggi penembusan ialah 56.41%. Peningkatan kekuatan ricih tiang abu bawah 
yang paling maksimum ialah pada 0.8 nisbah tinggi penembusan. Ujian Tidak 
Disatukan Tak tersalir (UU) menunjukkan peningkatan yang ketara di kejelekitan, c 
dengan 4.31% kepada 89.21% dan peningkatan bagi geseran, ϕ ialah dari 4.17% kepada 
27.92%. Peningkatan tekanan deviasi berbanding dengan terikan paksi pada kegagalan 
bagi 70 kPa, 140 kPa dan 280 kPa tekanan sel telah direkodkan diantara 12.55% kepada 
51.80%. Kesimpulannya, tiang abu bawah boleh meningkatkan kekuatan ricih dan 




The uncontrollable usage of non-renewable natural resources and production of waste 
gives severe impact on the earth. The uncontrollable usage of bottom ash (waste 
material) can cause pollution to the environment. The vertical granular columns has the 
properties to improve the bearing capacity, reduce the settlement, and accelerate the 
dissipation of excess pore water pressure of the weak soil. The aim of this research is to 
investigate the role of single and group encapsulated bottom ash columns in improving 
the shear strength of the soft reconstituted kaolin clay by using the laboratory scale 
model. The shear strength characteristic can be obtained by determining the effect of 
area replacement ratio, height penetration ratio, and volume replacement ratio on single 
and group of encapsulated bottom ash columns. The reinforced kaolin samples were 
tested under Unconfined Compression Test (UCT) and Unconsolidated Undrained 
Triaxial Test (UU). The specimen used were 50 mm in diameter and 100 mm in height. 
Using the encapsulated bottom ash column reinforcement of 0.6, 0.8, and 1.0 height 
penetrating ratio with 10 and 16 mm diameters columns while the specimen without any 
reinforcement was referred as the controlled samples. The highest improvement of shear 
strength of the single encapsulated bottom ash column on area replacement ratio of 4.00 
% at 10 mm diameter columns is at 0.8 height penetration ratio with 77.00% while for 
area replacement ratio of 10.24% at 16 mm diameter columns is also at 0.8 height 
penetration ratio with 71.48%. Meanwhile, the highest improvement of shear strength of 
the group encapsulated bottom ash column on area replacement ratio of 12.00 % at 10 
mm diameter columns is at 0.8 height penetration ratio with 75.63% while for area 
replacement ratio of 30.72% at 16 mm diameter columns is also at 0.8 height 
penetration ratio with 56.41%. The maximum improvement of shear strength was at 0.8 
height penetrating ratio for both single and group encapsulated bottom ash columns. UU 
testing showed the significant improvement on cohesion which was recorded to be from 
4.31% to 89.21%, and the improvement of friction angle, φ was from 4.17% to 27.92%. 
The improvement of deviator stress versus axial strain at failure of 70 kPa, 140 kPa, and 
280 kPa for cell pressure were recorded to be at between 12.55%–51.80%. In 
conclusion, the installation of single and group encapsulated bottom ash columns can 









TABLE OF CONTENT 
DECLARATION 




TABLE OF CONTENT v 
LIST OF TABLES x 
LIST OF FIGURES xii 
LIST OF SYMBOLS xv 
LIST OF ABBREVIATIONS xvii 
CHAPTER 1 INTRODUCTION 1 
1.1 Background of Research 1 
1.2 Problem Statement 4 
1.3 Research Objectives 5 
1.4 Scope and Experimental Program             5 
1.5 Research Significance              7  
1.6 Thesis Organization               8 
CHAPTER 2 LITERATURE REVIEW 10 
2.1 Introduction 10 
2.2 Sustainable Construction 10 
2.3 Soft Clay Soil 12 
vi 
 2.3.1 Compressibility and Consolidation          14 
 2.3.2 Undrained Shear Strength           17 
2.4 Kaolinite 18 
2.5 Geotextiles 19 
2.6 Coal Ash 19 
 2.6.1 Bottom Ash             23 
 2.6.2 Bottom Ash Utilization           25 
 2.6.3 Physical and Mechanical Properties of Bottom Ash        28 
2.7 Ground Improvement             39 
2.8 Stone Column              41 
 2.8.1 General Physical Modelling Stone Columns         44 
 2.8.2 Failure Mechanisms of Stone Columns         47 
 2.8.3 Undrained Shear Strength of Reinforced Clay        52 
 2.8.4 Critical Column Length           55 
2.9 Research Gap              56 
CHAPTER 3 METHODOLOGY 58 
3.1 Introduction 58 
3.2 Selection of Ground Improvement Techniques         60 
3.3 Selection of Materials             60 
3.4 Sample of Collection             61 
3.5 Determination of Physical, Mechanical and Morphological Properties of  
Materials              61 
vii 
 3.5.1 Atterberg Limit            63 
 3.5.2 Particle Size Distribution           63 
 3.5.3 Compaction Test            65 
 3.5.4 Specific Gravity            66 
 3.5.5 Permeability Test            66 
 3.5.6 One-Dimensional Consolidation Test         67 
 3.5.7 Direct Shear Test            68 
 3.5.8 Scanning Electron Microscope (SEM)         68 
 3.5.9 Relative Density            69 
 3.5.10 Unconfined Compression Test (UCT)         69 
 3.5.11 Unconsolidated Undrained (UU) Triaxial Test        71 
3.6 Design of Encapsulated Bottom Ash Column Model        73 
 3.6.1 Introduction             73 
 3.6.2 Sample Preparation            73 
 3.6.3 Bottom Ash Columns Installation          76 
 3.6.4 Arrangement of Pattern and Size of Encapsulated Bottom Ash  
Column             77 
3.7 Non-Woven Geotextile            79 
CHAPTER 4 RESULTS AND DISCUSSION 81 
4.1 Introduction 81 
4.2 Basic Properties             81 
4.2.1 Particle Size Distribution           82 
viii 
4.2.2 Atterberg Limit            84 
4.2.3 Relative Density            85 
4.2.4 Specific Gravity             85 
4.3 Mechanical Properties            86 
4.3.1 Compaction                86 
4.3.2 Permeability             88 
4.4 Undrained Shear Strength            88 
4.4.1 One Dimensional Consolidation          88 
4.4.2 Direct Shear Test             90 
4.5 Reinforcing Soft Clay with Single and Group Encapsulated of Bottom Ash 
 Column                         91 
4.5.1 Unconfined Compression Test          91 
4.5.2 The Effect of Area Replacement Ratio         93 
4.5.3 Effect of Column Penetration Ratio          94 
4.5.4 Effect of Volume Replacement Ratio          96 
4.5.5 Unconsolidated Undrained (UU) Triaxial Test        98  
4.6 Morphological Properties          108        
 
CHAPTER 5 CONCLUSION AND FUTURE RECOMMENDATIONS     110 
5.1 Introduction 110 
5.2 Conclusion            111 
5.3 Recommendations For Future Research        113 
REFERENCES 114 
APPENDIX             126 
APPENDIX A  HYDROMETER TEST                                                                   127 
ix 
APPENDIX B  SIEVE ANALYSIS                                                                           129  
APPENDIX C  ATTERBERG LIMIT          130 
APPENDIX D   RELATIVE DENSITY          131 
APPENDIX E   SPECIFIC GRAVITY         132 
APPENDIX F   STANDARD PROCTOR COMPACTION TEST     133 
APPENDIX G   FALLING HEAD PERMEABILITY TEST      137 
APPENDIX H   CONSTANT HEADPERMEABILITYTEST      138 
APPENDIX I   ONE DIMENSIONAL CONSOLIDATION TEST      139 
APPENDIX J   DIRECT SHEAR TEST          145 











LIST OF TABLES 
Table 2.1 Comparison of basic properties of different clays        14 
 
Table 2.2 Range of void ratio            16 
Table 2.3 Typical value for the coefficient of volume compressibility (mv)      17 
Table 2.4 Typical value of the coefficient of consolidation (Cv)       17 
Table 2.5 Classification of undrained shear strength of clay soil       18  
Table 2.6 Identification kaolinite                          19 
Table 2.7 The properties of kaolin - S300          19 
Table 2.8 List of coal-fired plants in Malaysia          22 
Table 2.9 The properties of bottom ash in Tanjung Bin         24  
Table 2.10 Utilization of bottom ash in tonnes          27 
Table 2.11 Particle size classification           28 
Table 2.12 Typical physical properties of bottom ash          31 
Table 2.13 Results of the direct shear test for bottom from previous works      32 
Table 2.14 Specific gravity of bottom ash from previous works followed      
 worldwide             33 
Table 2.15 Optimum moisture content and maximum dry density of bottom       
  ash from compaction test           35 
Table 2.16 Geotechnical properties of Valdeserrana bottom ash        37 
Table 2.17 Results of permeability of bottom ash from previous research works    38 
Table 2.18 Summary of ground improvement techniques         40 
Table 2.19 Relationship between relative density and angle of friction of       
cohesionless soils            54 
Table 2.20 Effect of area replacement ratio of fully penetrating columns       
on the undrained shear strength of reinforced clay        54 
Table 3.1 Test standard and methods that are used for the main material      62 
Table 3.2 Sample of coding and testing programme of UU triaxial tests for       
unreinforced clay and clay reinforced with bottom ash columns.      72 
Table 3.3 Density of various dimensions of bottom ash columns installed in          
xi 
kaolin specimens            77 
Table 3.4 Summary of polyester non-woven geotextiles needlepunched  
properties (MTS 130)            80 
Table 4.1 Basic properties of Tanjung Bin bottom ash and kaolin       82 
Table 4.2 Comparison on the specific gravity of bottom ash from coal-fired 
 
 power plants in Malaysia           86 
Table 4.3 Results from unconfined compression test         91 
Table 4.4 Maximum deviator stress and axial strain values from UCT       92 
Table 4.5 Effect of area replacement ratio for fully penetrating columns on  
undrained shear strength.             94 
Table 4.6 Volume replacement ratio vs improvement of shear strength      97 
Table 4.7 Results for unconsolidated undrained triaxial test         98 
Table 4.8 The improvement of cohesion, c , friction angle, φ and their 
improvement.             99 
Table 4.9 Maximum deviator stress and axial strain values at different area 
replacement ratio and different height penetration ratio for single 
 and group encapsulated bottom ash column       101 
Table 4.10 Results for improvement of max deviator stress with different cell 
pressure            107 





LIST OF FIGURES 
Figure 1.1 Location of coal-fired power plants in Malaysia                                      2 
Figure 2.1 The diagram of sustainability in construction         12 
Figure  2.2 Time- deformation plot during consolidation         16  
Figure  2.3 A coal-fired thermo-electric power plant         21 
Figure  2.4 Production and consumption of coal ash in Malaysia       21     
Figure  2.5 Malaysia electricity power industry          24   
Figure  2.6 Bottom ash production and use with percent         26 
Figure  2.7 All CCPs Production and use with percent          26 
Figure  2.8 Bottom ash applications as a percentage of the total reused       27  
Figure  2.9 Particle size distribution of fly and bottom ash from Tanjung Bin        
Power Plant             29 
Figure  2.10 Grain size distribution curve of bottom ash/ natural sand (BA/NS)  
 mix              30 
Figure  2.11 Typical compaction curve for cohesionless soil         36 
Figure  2.12 SEM photomicrograph in Tanjung Bin of bottom ash (pure)      39       
Figure  2.13 SEM photomicrograph in Tanjung Bin of bottom ash (after 7 days)      39     
Figure  2.14 Effectiveness of stone column           42 
Figure  2.15 The installation of stone column in construction site        44 
Figure  2.16 General set-up of a soil specimen inside a triaxial cell         
(Sean Rees and Geotechnical Specialist at GDS Instruments (2018)     46 
Figure  2.17 Different loading scenario for stone columns         47  
Figure  2.18 Interaction of load application with stone columns and soil       47 
Figure  2.19 Failure mechanisms of isolated stone columns        48 
Figure 2.20 Failure mechanisms for column group         49 
Figure  2.21 Modes of failure mechanism develop in group of stone columns      
 (a) bulging (b) shear failure (c) punching (d) buckling        50 
Figure 2.22 The insertion of frozen sand column in clay specimen       50      
Figure  2.23 Photographs of group of sand columns beneath the circular footing       
 (a) L/D = 6 and (b) L/D = 10              51 
Figure  2.24 Loading pattern and column arrangement                           52 
Figure  2.25 Relation between settlement reduction ratio and undrained shear       
strength             53 
Figure 2.26 Shear strength versus area replacement ratio         55 
xiii 
Figure 3.1 Flow chart for methodology process          59 
Figure 3.2 Sample of kaolin clay and bottom ash         61 
Figure 3.3 Cone penetrometer test           63 
Figure 3.4 Hydrometer test            65 
Figure 3.5 Standard proctor compaction test          65 
Figure 3.6 One dimensional consolidation test          67 
Figure 3.7 Direct shear test equipment           68 
Figure 3.8 Scanning electron microscope model ZEISS EVO 50       68 
Figure 3.9 Unconfined compression test (UCT) on kaolin specimen       70 
Figure 3.10 Specimen was placed on the platform carefully         71 
Figure 3.11 Soil specimens inside the triaxial chamber              72 
Figure 3.12 Preparation of soft kaolin clay specimens         74 
Figure 3.13 Kaolin mixed with water into the mould         74 
Figure  3.14 Customized mould size for 50 mm diameter and 100 mm     
 height specimen            75 
Figure  3.15 Kaolin compacted by pressing it from both ends of cap       75 
Figure  3.16 Holes was drilled using 10 mm and 16 mm diameter drill bits      75 
Figure  3.17 Specimen extruded out of the mould and stored inside the        
special case             76 
Figure  3.18 Installation of bottom ash in soft kaolin clay specimen       77 
Figure  3.19 Single and group bottom ash columns completely installed in the      78  
soft kaolin clay specimen    
Figure  3.20 Detailed column arrangement for single and group encapsulated      79  
bottom ash column installed in clay specimens         
Figure  3.21 Sample of Non – woven geotextile MTS 130 fabric        80 
Figure 4.1  Particle Size Distribution of hydrometer Kaolin S300        83 
Figure 4.2 Particle size distribution of bottom ash          83 
Figure 4.3  Graph of penetration versus moisture content         84 
Figure 4.4  The location of kaolin S300 in the plasticity chart          85 
(ASTM D2487)       
Figure 4.5 Relationship between dry density and moisture content        87 
from standard proctor compaction test for kaolin        
Figure 4.6 Relationship between dry density and moisture content from       87 
standard proctor compaction test for bottom ash         
Figure 4.7 The graph of void ratio versus applied pressure of bottom ash.       89 
xiv 
Figure 4.8  The graph of void ratio versus applied pressure of kaolin S300      89 
Figure 4.9  Graph of shear stress versus normal stress          90 
Figure 4.10  Shear strength versus area replacement ratio         93 
Figure 4.11  Effect of ratio of column height to diameter on undrained shear     
strength              95 
Figure 4.12  The improvement of undrained shear strength by height penetrating  
ratio for single and group bottom ash columns        96 
Figure 4.13  Improvement of undrained shear strength with volume replacement 
   ratio              97 
Figure 4.14  Deviator stress with axial strain at failure for kaolin  
controlled sample            102 
Figure 4.15  Deviator stress versus average axial strain at failure for  
70 kPa cell pressure for single encapsulated bottom ash  
column with 10 mm and 16 mm column diameter.       102 
Figure 4.16  Deviator stress versus average axial strain at failure for  
140 kPa cell pressure for single encapsulated bottom ash  
column with 10 mm and 16 mm column diameter.       103 
Figure 4.17   Deviator stress versus average axial strain at failure for 280 
 kPa cell pressure for single encapsulated bottom ash column 
 with 10 mm and 16 mm column diameter.        103 
Figure 4.18  Deviator stress versus average axial strain at failure for  
70 kPa cell pressure for group encapsulated bottom ash column  
with 10 mm and 16 mm column diameter.        105 
Figure 4.19  Deviator stress versus average axial strain at failure for  
140 kPa cell pressure for group encapsulated bottom ash column  
with 10 mm and 16 mm column diameter.       105 
Figure 4.20  Deviator stress versus average axial strain at failure for 
 280 kPa cell pressure for group encapsulated bottom ash  
column with 10 mm and 16 mm column diameter       106 
Figure 4.21  Bottom ash particles at 30 X magnification       109 
Figure 4.22 Bottom ash particles at 1.00 KX magnification       109 
 
xv 
LIST OF SYMBOLS 
Ac  Area of bottom ash column 
As  Area of kaolin clay sample 
α  Alpha 
 β  Beta 
c  Cohesion 
cm  Centimetre 
Cc   Compression index 
Cv  Coefficient of consolidation 
Cu  Undrained cohesion 
Dc  Diameter of bottom ash column 
Dr  Relative density 
Gs  Specific gravity 
GWh  Gigawatt hour 
Hc  Height of bottom ash column 
Hs  Height of kaolin clay sample 
k  Permeability 
g/m3  Gram per cubic metre 
kg  Kilogram 
kN  Kilo Newton 
kN/m2  Kilo Newton per square metre 
kN/m3  Kilo Newton per cubic metre 
kPa  Kilo Pascal 
L  Length of the column 
D  Diameter of the column 
d   Particle of size granular material 
Mg  Mega Gram 
MN  Mega Newton 
MW   Mega Watt 
m2  Square metre 
tf  Time to failure 
MPa  Megapascal 
m/s  Metre per second 
mm  Milimetre 
μm  Micrometre 
e  Void ratio 
s  Shear strength 
xvi 
Su  Undrained shear strength 
v  Specific volume 
Vc  Volume of bottom ash column 
Vs  Volume of kaolin clay sample 
w  Moisture content 
wopt  Optimum moisture content 
ρd  Dry density 
ρd(max)  Maximum dry density 
γ  Gamma 
  Unit weight 
min  Minimum unit weight 
max  Maximum unit weight 
ϕ  Friction angle 
ϕ’  Effective friction angle 
ϕ  Angle of internal friction  
%  Percent  
  Degree 
C  Degree celcius 
  Total normal stress 
’  Effective normal stress 
ef  Effective stress 
wL  Liquid limit 
wP  Plastic limit 
Ip  Plasticity index 
q  Deviator stress 
 
xvii 





AASHTO American Association of State Highway and Transportation  
Officials 
ACAA American Coal Ash Association 
ASTM American Society for Testing and Material 
BA Bottom Ash 
BS British Standard 
CCP Coal Combustion Product 
CD Consolidated Drained 
CU Consolidated Undrained 
CL Clay Low plasticity 
LL Liquid Limit 
ML Silt Low plasticity 
MH Silt High plasticity 
CH Clay High plasticity 
GDS Geotechnical Digital System 
GT Gas Turbine 
OH Organic High plasticity 
PI Plasticity Index 
PL Plastic Limit 
Pt Peat 
SEM Scanning Electron Microscope 
SL Shrinkage Limit 
ST Steam Turbine 
UCT Unconfined Compression Test 
US United States 
USCS Unified Soil Classification System 
UU Unconsolidated Undrained 
114 
REFERENCES 
Abdul Talib, N. R. (2010). Engineering Characteristics of Bottom Ash from Power 
Plants in Malaysia. Final Year Project Report. Universiti Teknologi Malaysia, 
Skudai, Malaysia 
Abdulhameed, U. A., and Khairul, S. B., (2013). Tanjung Bin Coal Bottom Ash: From 
Waste to Concrete Material. Trans Tech Publications, Switzerland. Advanced 
Material Research Vol. 705, 163-168. 
Abubakar, A. U., and Baharudin, K. S. (2012). Potential use of Malaysian Thermal 
Power Plants Coal Bottom Ash in Construction. International Journal of 
Sustainable Construction Engineering & Technology. Vol.3, 25-37. ISSN: 2180-
3242. 
Ali, K., Shahu, J. T., Sharma, K. G. (2010). Behaviour of reinforced stone columns in 
soft soils: an experimental study. Indian Geotechnical Conference, Geotrends. 
Ambily, A. P., and Gandhi, S. R. (2007). Behavior of Stone Columns Based on 
Experimental and FEM Analysis. Journal of Geotechnical and Geoenviromental 
Engineering.  Vol 133(4), 405-415. 
American Coal Ash Association (2004). Coal Combustion Product (CCP) Production 
and Use. Available: https://www.acaa-usa.org/Publications/Production-Use-Reports  
American Coal Ash Association (2015). Coal Combustion Product (CCP) Production 
and Use. Aurora, CO: American Coal Association. Available: https://www.acaa-
usa.org/Publication/Production-Use-Reports  
American Coal Ash Association (2007). Coal Combustion Product (CCP) Production 
and Use. Availabe: https://www.acaa-
usa.org/Portals/9/Files/PDFs/2006_CCP_Survey_(Final-8-24-07).pdf 




Amin, M. J., Taha, M. R., Ahmed, J., Abu Kassim, A., Jamaluddin, A., and Jaadil, J. 
(1997). Prediction and determination of undrained shear strength of soft clay at 
Bukit Raja. Universiti Pertanian Malaysia Press, Selangor.  
115 
Andrade, L. B., Rocha, J. C., and Cheriaf, M. (2009). Influence of coal bottom ash as 
fine aggregate on fresh properties of concrete. Construction and Building 
Materials, 23 (2), 609-614. Elsevier. 
Awang, A. R., Marto, A., and Makhtar, A. M. (2011). Geotechnical Properties of 
Tanjung Bin Coal Ash Mixtures for Backfill Materials in Embankment 
Construction. Electric Journal of Geotechnical Engineering, Vol 16 (L), 1515-
1531. 
Awang, A. R., Marto, A., and Makhtar, A. M. (2012). Morphological and Strength 
Properties of Tanjung Bin Coal Ash Mixtures for applied in Geotechnical 
Engineering Work. International Journal on Advanced Science engineering 
Information Technology. Vol. 2, No. 2, 55-62. ISSN: 2088-5334. 
Bachus, R.C., and Barksdale, R. D. (1989). Design Methodology for Foundations on 
Stone Columns, Vertical and Horizontal Deformations of Foundations and 
Embankments, Proceedings of Settlement 1994, Texas, ASCE Geotechnical 
Special Publication No. 20, pp.244-257. 
Bachus, R. C., and Barksdale, R. D. (1984). Vertical and lateral behaviour of model 
stone columns. Proceedings of the International Conference on In Situ Soil and 
Rock Reinforcement, Paris, pp.99-104. 
Barksdale, R. D., and Bachus, R. C. (1983). Design and Construction of Stone 
Columns. Federal Highway Administration, Washington DC, Final Report 
SCEGIT-83-104. 
Bera, A. K., Ghosh, A., and Ghosh, A. (2008) Shear Strength Response of Reinforced 
Pond Ash. Construction and Building Materials. Vol 23, 2386 – 2393. Elsevier. 
Black, J., Sivakumar, V., Madhav, M. R., and McCabe, B. (2006). An Improved. 
Experimental Set-Up to Study the Performance of Granular Columns. 
Geotechnical Testing Journal. Vol 293, 193-199.  
Black, J., Sivakumar, V., Madhav, M. R., and Hamill, G. A. (2007). Reinforced stone 
columns in weak deposit: laboratory model study. Journal of geotechnical and 
geoenviromental engineering, ASCE, 10.1061/(ASCE) 1090-0241, 133:9 (1154).  
Broms, B. B. (1987). Stabilization of soft clay in southeast Asia. Fifth International 
Geotechnical Seminar 2-4Dec. 
Cadersa, A. S., Seeborun, A. K., and Yuk, A. C. C (2014). Use of coal bottom ash as 
mechanical stabilizer in subgrade soil. Journal of Engineering. Vol 2014, Article 
116 
ID 184607, 6 pages 
Canpolat, F., Yilmaz, K., Kose, M. M., Sumer, M., Yurdusev, M. A. (2004), Use of 
Zeolite, Coal Bottom Ash and Fly Ash as Replacement Materials in Cement 
Production. Cement and Concrete Research, Vol 34, 731 – 735. Elsevier. 
Chandler, A. J., Eighmy, T. T., Hartle’n, J., Hjelmar, O., Kosson, D. S., Sawell, S. E., 
Van der Sloot, H. A., and Vehlow, J. (1997). Municipal solid waste incinerator 
residues, studies in enviromental science. Vol 67. Elsevier Science, Amsterdam. 
Chen, J. S., Chu, P. Y., Chang, J. E., Lu, H. C., Wu, Z. H., and Lin, K. Y. (2008). 
Engineering and Environmental Characterization of Municipal Solid Waste 
Bottom Ash as an Aggregate Substitute Utilized for Asphalt Concrete. Journal of 
Materials in Civil Engineering. Vol 20 (6), 432 - 439. ASCE. 
Craig, W. H., and Al-Khafaji, Z. A. (1997). Reduction of soft clay settlement by 
compacted sand columns. Proc, 3rd Int. Conf ground improvement geosystems, 
London, 218-231. 
Craig, H. B., and Sabrina, B. (2011). User guidelines for coal bottom ash and boiler slag 
in green infrastructure construction. Recycled Materials Resources Center. 
University of Wisconsin-Madison 
Craig, R. F. (1983). Soil Mechanics. (3rd ed.). Berkshire, England: Van Nostrand 
Reinhold (UK) Co. Ltd. 
Craig, R. F. (1997). Soil Mechanics. (7th ed.). London, England: Spon Press, Taylor & 
Francis Group. 
Das, P., and Pal, S. K. (2013). A study of Behaviour of Stone Column in Local Soft and 
Loose Layered Soil. The Electronic Journal of Geotechnical Engineering, Vol. 18, 
Bund. I, 1777-1786. EJGE. 
Das, B. M. (2012): Principle of Foundation Engineering. 8th Edition. Cengage Learning. 
Das, B. M. (2007): Principles of Foundation Engineering. 6th Edition. Cengage 
Learning. 
Das, B. M., and Sobhan, K. (2014): Principle of Geotechnical Engineering. 8th Edition. 
Cengage Learning. 
117 
Datye, K. R. (1982). Settlement and Bearing Capacity of Foundation System with Stone 
Column. Symposium on Recent Developments in Ground Improvement Techniques, 
Bangkok: 85-103. 
Foster, C. R. (1962). Field Problems: Compaction in Foundation Engineering, Edited by 
Leonards, G. A. McGraw Hill Book Co., Inc., New York. 
Frikha, W. (2010). Experimental model approach for the evaluation of a soft clay 
reinforced by ballasted columns. 5th Edition University Europe, ENIT, Tunisia. Pp. 
276. 
Frikha, W., Bouassida, M., Canou, J., 2014. Parametric study of a clayey specimen 
reinforced by a granular column. Int. J. Geomech. (10.1061/(ASCE)GM.1943-
5622.0000419, 04014078). 
GEO5 Theoretical Guide (2007). Geotechnical Software Suite GEO5, version 5.3, Fine 
Ltd. 
Ghanti, R., and Kashliwal, A. (2008). Ground Improvement Techniques with a focused 
Study on Stone Columns. Dept. of Civil Engineering, VIT University. Dura Build 
Care PVT. LTD. An ISO 9001: 2008 Company. 
Goumans, J. J. J. M., and Van der Sloot, H. A., and Aalbers, T. G. (1994). Enviromental 
Aspects of Construction with Waste Materials. Amsterdam, Elsevier Science B. V. 
Goutam, K.P., and Venkatappa, R. (2008). Model Studies on Geosynthetic Reinforced 
Double  Layer  System  with  Pond  Ash  Overlain  by  Sand.  Indian Institute of 
Technology Delhi. New Delhi, India. 
Greenwood, D. A. (1970). Mechanical Improvement of soils below ground surfaces. 
Proc., Ground Engineering Conf., Institution of Civil Engineers, London, 11-22 
Guetif, Z., Bouassida, M., and Debats, J. M. (2007). Improve Soft Clay Characteristic 
due to Stone Column Installation, Computers and Geotechnics Vol. 34, p. 104-111. 
Han, J., and Ye, S. L. (1992). Settlement Analysis of Buildings on the Soft Clays 
Stabilized by Stone Columns. Proc. Int. Conf. on Soil Improvement and Pile 
Foundation. 446-451. 
Hasan, M., Marto, A., Hyodo, M., and Makhtar, A. (2011). The strength of soft clay 
reinforced with singular and group bottom ash columns. Electron. J. Geotech. Eng. 
16 (M), 1215-1227. 
118 
Hasan, M., Marto, A., Hyodo, M., and Makhtar, A. (2014). Strength of Soft Clay 
Reinforced with Single and Group Bottom Ash Columns. Procs. The 2014, 
International Conference on Geomechanics and Engineering (ICGE), 22-28 
August 2014, Busan, Korea. 
Hasan, M., and Suki, S. (2015). Undrained Shear Strength of Soft Clay Reinforced with 
Single Encapsulated Bottom Ash Columns. International Congress on Engineering 
and Information (ICEAI 2015)., pp. 391-400., 1. ISBN 978-967-0257-53-2 
Head, K. H. (1994). Manual of Soil Laboratory Testing. Vol 2, (2nd ed). John Wiley & 
Sons. 
Head, K. H. (1992). Manual of Soil Laboratory Testing. (2nd ed). London: John Wiley 
& Sons. 
Highway Research Board (1952). Compaction of Embankments, Subgrades, and Bases, 
HRB Bulletin 58. 
Holtz, R. D., Jamiolkowski, M. B., Lancellotta, R., and Pedroni, R. (1991). 
Prefabricated Vertical Drains: Design and Performance. Oxford: Butterworth 
Heinemann. 
Holtz, R. D., and Kovacs, W. D. (1981). An Introduction to Geotechnical Engineering, 
Prentice-Hall, Englewood Cliffs, Transport Research Laboratory, ISBN: 0-13-
484394-0.  
Huat, B. K. (1994). Behaviour of Soft Clay Foundation Beneath an Embankment. 
Pertanika Journal of Science and Technology, 2 (2), 215-235 
Huang, H. W. (1990). The use of bottom ash in Highway Embankment, Subgrade, and 
Subbases. Joint Highway Research Project, Final Report, FHWA/IN/JHRP-90/4, 
Purdue Univ., W. Lafayette, Indiana. 
Hughes, J. M. O., and Withers, N. J. (1974). Reinforcing of soft cohesive soils with 
stone columns. Ground Engineering, 7, No.3, 42-49. 
Hulburt., Cornelis, S., Klein., and Cornelis. (1985). Manual of Mineralogy, 20th ed, 
John Wiley and Sons, New York, p 416-7. 
Hu, W. (1995). Physical Modelling of Group Behaviour of Stone Column Foundations. 
University of Glasgow.  
119 
Indraratna, B., Balasubramaniam, A. S., and Balachandran, S. (1992). Performance of 
test embankment constructed to failure on soft marine clay. Journal of 
Geotechnical Engineering, ASCE, 118(1): 12-33. 
Jaturapitakkul, C., and Cheerarot, R. (2003). Development of Bottom Ash as Pozzolanic 
material. Journal of Materials in Civil Engineering, Vol. 15(1), pp.48-53. 
Juran, I., and Riccobono, O. (1991). Reinforcing Soft Soils with Artificially Cemented 
Compacted- Sand Columns. J. Geotech. Eng, 117 (7): 1042-1060. 
Kaffezakis, G. J. (1983). A model test investigation of the behavior of stone columns. 
Special Research Problem, Georgia Institute of Technology. Atlanta, USA. 
Kaolin [M] Sdn. Bhd. (2011). Our Products. [Online]. Available from: 
http://http://www.kaolin.com.my/product.html [Accessed 3rd February 2011] 
Karol, R. H., (2003). Chemical Grouting and Soil Stabilization. Marcel Dekker, Inc., 
New York, 558 
Katti, R. K., Katti, A. R., and Naik, S. (1993). Monograph to Analysis of Stone 
Columns with and withour Geosynthetic Encasement. CBIP Publication, New 
Delhi. 
Kim, B., Prezzi, M., and Salgado, R. (2005). Geotechnical Properties of Fly and Bottom 
Ash Mixtures for Use in Highway Embankments. Journal of Geotechnical and 
Geoenviromental Engineering. Vol 131(7), 914-924. ASCE. 
Kim, Y. T., and Do, T. H. (2012). Effect of bottom ash particle size on strength 
development in composite geomaterial. Engineering Geology, Vol 139–140, 85–
91. Elsevier. 
Kiran, M. S. and Sanjith, J. (2015). Experimental studies on replacement of fine 
aggregates by bottom ash for developing high strength concrete. International 
Journal of Research in Engineering & Technology. Vol 3, Issue 12, 45-48. 
Kirsch, K., and Kirsch, F. (2010). Ground Improvement by Deep Vibratory Methods. 
Taylor and Francis Group, Spon Press, New York, USA. 
Kravchenko, J., and Kim Lyerly, H. (2018). The impacr of coal-powered electrical 
plants and coal ash impoundments on the Health of Residential Communities. 
Journal of Health Policy Analysis and Debate. Vol. 79, no. 5, 289-300. 
120 
Kumar, S., and Stewart, J. (2003). Evaluation of Illinois Pulverized Coal Combustion 
Dry Bottom Ash for Use in Geotechnical Engineering Applications. Journal of 
Energy Engineering. 129 (2), 42-55. ASCE. 
Lambe, T. W. (1969). Soil testing for engineering. Wiley Eastern Limited, New Delhi, 
India, pp. 74-75, 81,83. 
Lambe, T. W., and Whitman, R. V. (1979). Soil Mechanics, SI Version. Technology 
and Engineering. 
Lee, F. W. (2008). Morphological, Mineralogical and Engineering Characteristic of 
Tanjung Bin Bottom Ash. Final Year Project Report, Universiti Teknologi 
Malaysia, Skudai.  
Lin, C. L., Weng, M. C., and Chang, C. H. (2012). Effect of incinerator bottom-ash 
composition on the mechanical behavior of backfill material. Journal of 
Environmental Management, Vol 113, 377-382. Elsevier. 
Lockwood, A. H., Kristen, W. H., Rauch, M., and Gottlieb, B. (2009). Coal’s Assault 
on Human Health. A report from physicians for social responsibility. 
Lovell, C. W., Ke, T. C., Huang, W. H., and Lovell, J. E. (1991). Bottom Ash as a 
Highway Material. Transportation Research Board. TRR No. 1312, Construction 
Innovation. 106-116. 
Maakaroun, T., Najjar, S. S., and Sadek, S. (2009). Effect of Sand Columns on the Load 
Response of Soft Clays. Proc. of Selected Papers of the 2009 International 
Foundation Congress and Equipment Expo. 217 - 224. ASCE. 
Madhav, M. R., and Vitkar, P. P. (1978). Strip footing on weak clay stabilized with a 
granular trench or pile. Can. Geotech. J., Vol 15(4), 605–609. 
Mahmud, H. O. (2003). Coal-Fired Plant in Malaysia. The 15th JAPAC International 
Symposium, Tokyo. 
Majidzadeh, K., El-Mitiny, R. N., and Bokowski, G. (1977). Power Plant Bottom Ash in 
Black Base and Bituminous Surfacing. Vol. 2, User’s Manual, Federal Highway 
Administration, Report No. FHWA-RD-78-148, Washington, D. C. 
Malarvizhi, S. N., and Ilamparuthi, K. (2004). Load versus Settlement of Clay Bed 
Stabilized with Stone and Reinforced Stone Column. 3rd Asian Reg. Conf. on 
Geosynt: 322-329. 
121 
Mani, K., and Nigee, K. (2013). A study on Ground Improvement using Stone Column 
Technique. International Journal of Innovative Research in Science, Engineering 
and Technology. Vol. 2, Issue 11, 6451-6456. 
Manoj, K. D., Sanjaya, K. P., and Ashoke, K. R., (2016). Sustainable use of industrial-
waste as partial replacement of fine aggregate for preparation of concrete. 
International Journal of Sustainable Built Environment. Vol. 5, Issue 2, pp 484-
516. 
Manz, O. E. (1997). Worldwide production of coal ash and utilization in concrete and 
others Products. Fuel, Vol. 76 (8), pp. 691–696. 
Marto, A., Awang, A. R., and Makhtar, A. M. (2011). Compaction Characteristics and 
Permeability of Tanjung Bin Coal Ash Mixtures. International Conference on 
Environment Science and Engineering IPCBEE vol.8 (2011) © (2011) IACSIT 
Press, Singapore, p. 134-137. 
Marto, A., Hasan, M. A., Makhtar, A. M., and Othman, B. A. (2013). Shear Strength 
Improvement of Soft Clay Mixed with Tanjung Bin Coal Ash. APCBEE Procedia 
5, 116-122. Elsevier.  
Marto, A., Hasan, M., Hyodo, M., and Makhtar, A. (2014). Shear Strength Parameters 
and Consolidation of Clay Reinforced. Arabian Journal for Science and 
Engineering (AJSE). Springer. 
McKelvey, D., Sivakumar, V., Bell, A., and Graham, J. (2004). Modelling vibrated 
stone columns in soft clay. Proceedings of the Institution of Civil Engineers-
Geotechnical Engineering, 157 (3), 137–149.  
Mclaughlin J. F., Woods, K. B., Mielenz, R. C., and Rockwood, N. C. (1960). 
Distribution, Production, and Engineering characteristics of Aggregates. Highway 
Engineering Handbook, Section 16, Woods, K. B., editor,Mcgraw- Hill Book Co., 
New York.  
Menard Group USA. (2018). About Us - Menard Group USA. [online] Available at: 
http://www.menardgroupusa.com/about-us/ [Accessed 25 Jan. 2018]. 
Meyerhof, G. (1956). Penetration tests and bearing capacity of cohesionless soils. Soils 
Mechanics and Foundation Division .ASCE, 82(SM1). Available at 
http://www.geotechdata.info/parameter/angle-of-friction.html 
Moseley, M. P., and Kirsch, K. (2005). Ground Improvement. 2nd Edition. 
122 
Mohamad, N. O., Razali, C. E., Hadi, A.A.A., Som, P. P., Eng, B. C., Rusli, M. B. and 
Mohamad, F. R. (2016). Challenges in Construction Over Soft Soil – Case Studies 
in Malaysia. Soft soil Engineering International Conference (SEIC,2015). Material 
Science and Engineering. 136.  
Mokhtari, M., and Kalantari, B. (2012). Soft Soil Stabilization using Stone Columns – 
A Review. The Electronic Journal of Geotechnical Engineering, Vol.17, Bund. J, 
1459-1466. EJGE. 
Muhardi, Marto, A., Kassim, K. A., Makhtar, A. M., Lee, F. W., and Yap. S. Y. (2010). 
Engineering Characteristics of Tanjung Bin Coal Ash. Electronic Journal of 
Geotechnical Engineering, 15, 1117 – 1129. 
Muir Wood, D., Hu, W., and Nash, D. F. T. (2000). Group effects in stone column 
foundations: model tests. Geotechnique, 50, No. 6, 689–698. 
Murugesan, S., and Rajagopal, K. (2006). Geosynthetic-encased stone columns: 
Numerical evaluation. Geotextile and Geomembranes. 
Naganathan, S., Subramaniam, N., and Mustapha, K. N. (2012). Development of Brick 
using Thermal Power Plant Bottom Ash and Fly ash. Asian Journal of Civil 
Engineering (Building and Housing), Vol. 13 No. 1 pp. 275-287. 
Nagaraj, T.S., and Norihiko Miura. (2001). Soft Clay Behaviour Analysis and 
Assessment. Publication: Rotterdam; Brookfield, VT : A.A. Balkema, Ebook. 
Nagy, N. M. (2013). Numerical analysis of soft clay of performance reinforced by 
geosynthetics encased stone column. 11th International Conference of Numerical 
Analysis and Applied Mathematics. Vol 1558, Issue 1, p.1995-1998. 
Najjar, S. S., Sadek, S., and Makaroun, T. (2010). Effect of Sand Columns on the 
Undrained Load Response of Soft Clays. Journal of Geotechnical and 
Geoenvironmental Engineering, 136 (9), 1263 – 1277. ASCE. 
Najjar, S. S. (2013). A State of the Art Review of Stone/Sand Column Reinforced Clay 
Systems. Geotech Geol Eng 31:355-386. Springer. 
National Energy Balance, 2014. Suruhanjaya Tenaga Energy Commission. 48-50. 
Available: http://meih.st.gov.my/ 
Narasimha Rao, S., Prasad, Y. V. S. N., and Hanumanta Rao, V. (1992). Use of Stone 
Columns in Soft Marine Clays. Proc. 45th Canadian Geotechnical Conference, 
123 
Canadian Geotechnical Society. September 1-7, 1992. Toronto, Canada. 
Olson, R. E. (1989). Secondary Consolidation. Advanced Soil Mechanics. Department 
of Construction Engineering Chaoyang University of Technology.  
Paul R., Ehrlich, and John, P., and Holdren. (1971). Impact of Population Growth. 
Sciences, New Series, Vol 171, No. 3977 (Mar, 26, 1971), 1212-1217 
Pivarc, J. (2011). Stone columns- Determination of the soil improvement factor. Slovak 
Journal of Civil Engineering. Vol. 19(3), 17.21. 
Rabbee, T., Islam, M. R., Md, A., Muhammed, A. (2012). Investigate the effect of pre-
consolidation pressure and organic content on the shear strength and 
compressibility parameter of reconstituted soil. International Journal of Applied 
Sciences and Engineering Research, Vol.1, 6( 725-738). IJASER. 
Raithel, M. K., and Kempfert, H. G. (2000). Calculation models floor Dam foundations 
with Geotextiles sands columns. Proceeding on Internal Conference on 
Geotechnical and Geological Engineering (GeoEng 2000), Melbourne, Australia. 
Raithel, M. K., and Kempfert, H. G., and Kirchner, A. (2005). Geotextiles-encased 
columns (GEC) for foundation of a dike on very soft soils. Proceeding of the 
Seventh International Conference on Geosynthetics, Nice, France, pp.1025-1028. 
Raithel, M. K., Kirchner, A., Schade, C., and Leusink, E. (2005). Foundation of 
constructions on very soft soils with geotextile encased columns-State of the art. 
Geotechnical Special Publication, No. 130-142, Geo-Frontiers 2005, 1867-1877.  
Raman, S., (2005). Compaction of predicted settlement behavior to the field 
measurement of stone column improved ground, M.Sc. thesis, University of 
Technology, Malaysia. 
Ramme, B. W., and Tharaniyil, M. P. (2013). Coal combustion products utilization 
handbook (3rd edition). Milwaukee, WI: We Energies.  
Ramme, B. W., and Tharaniyil, M. (2004). Coal combustion products utilization 
handbook. Second Edition. Milwaukee, WI: We Energies; 2004. 
Ramme, B. W., and Tharaniyil, M (2013). Coal combustion products utilization 
handbook. Third Edition. Milwaukee, WI: We Energies; 2013. 
124 
Ranjan, G., and Rao, B. G. (1983). Skirted Granular Piles for Ground Improvement. 
Proc. VIII, European Conference on SM & FE, Helsinki. 
Rao, N. B. S., and Nayak, I. G. (1995). Model Studies on Partially Confined Sand 
Columns using Geogrid Tubes, Indian Geotech. Journal, Vol. 25 (3). 
Sakhalin. N., Basudhar, K., and Madhira, (1997). Generalized stability analysis of 
embankment on granular piles, Soil and foundation, Vol.37,No.4,13-22 Dec.1997, 
Japanese Geotechnical Society. 
Sean Rees and Geotechnical Specialist at GDS Instruments (2018). Part one: 
Introduction to Triaxial Testing. [ebook].  Available at: 
http://www.gdsinstruments.com/__assets__/pagepdf/000037/Part%201%20Introdu
ction%20to%20triaxial%20testing.pdf [Accessed 25 Jan. 2018]. 
Sêco e Pinto, P.S. (2006). Ground Improvement and Reinforcement, Re-use of Brown 
Field Sites. General Report – Session 2, XIII Danube European Geotechnical 
Conference. 
Singh, M., and Siddique, R. (2013). Effect of coal bottom ash as partial replacement of 
sand on properties of concrete. Resources, Conservation and Recycling, 72, 20-32. 
Elsevier. 
Sivakumar, V., McKelvey, D., Graham, J., and Hughus, D. (2004). Triaxial Tests on 
Model Sand Columns in Clay. Can. Geotech. J., 41, 299 – 312. 
Som, M. N., and Das, S. C. (2003). Theory and Practice of Foundation Design. 
Technology and Engineering. PHI Learning Pvt. Ltd., 2003.  
Sourcewatch.org. (2018). Tanjung Bin power station - SourceWatch. [online] Available 
at: https://www.sourcewatch.org/index.php/Tanjung_Bin_power_station [Accessed 
25 Jan. 2018]. 
Tandel, Y. K., Solanki, C. H., and Desai, A. K. (2012). Numerical Modelling of 
Encapsulated Stone Column Reinforced Ground. International Journal of Civil, 
Structural, Environment and Infrastructure Engineering (IJCSEIERD), 2(1), pp. 
82 – 96. Trans Stellar 
Travedi, A., and Singh, S. (2004). Geotechnical and Geoenvironmental Properties of 
Power Plant Ash. IE (I) Journal-CV. 
Topcu I. B. and Bilir, T. (2010).  Effect of Bottom Ash  as Fine Aggregate on Shrinkage  
125 
Cracking  of Mortars.  ACI Materials Journal, 107(1), 48–56. 
United States Energy Information Administration (2015). Malaysia coal production and 
consumption by year. Available: https://www.eia.gov  
United States geological survey, USGS (2016) - A coal-fired thermos-electric power 
plant. Available at: http://water.usgs.gov/edu/wupt-coalplant-diagram.html [Accessed 
2nd December 2016] 
U.S. Navy.(1986). Design manual – Soil mechanics, foundations, and earth structures, 
NAVFAC DM-7, Dept. of the Navy, Washington, D.C.  
Wikipedia (2016). List of Power Stations in Malaysia. [Online]. Available from 
http://en.wikipedia.org/wiki/List_of_power_stations_in_Malaysia/ [Accessed 20th 
August 2016]. 
World Energy Resources 2016 full reports, published by the World Energy Council 
2016. www.worldenergy.org. Registered in England and Wales No. 4184478, VAT 
Reg. No. GB 123 3802 48. ISBN: 978 0 946121 58 8. 
Yuksel, I., and Genc, A. (2007). Properties of Concrete Containing Non Ground Ash 
and Slag as  Fine Aggregate.  ACI Materials Journal, Vol 104 (4), 397 – 403. 
Zahmatkesh, A., and Choobbasti, A. J. (2010). Settlement Evaluation of Soft Clay 
Reinforced by Stone Columns, Considering the Effect of Soil Compaction. 
Department of Civil Engineering, Bobol University of Technology, Babol, Iran.  
Zainul Abidin, N. (2009). Sustainable Construction in Malaysia – Developers’ 
Awareness. World Academy of Science and Technology, Vol 53,807 – 814. 
  
